A combination of carbohydrate analysis and atomic force microscopy (AFM) was used to characterize the polysaccharides of the pennate diatom, Pinnularia viridis (Nitzsch) Ehrenberg. Polymeric substances were fractionated into those in the spent culture medium (SCM) and those sequentially extracted from the cells with water at 45 Њ C (WW), NaHCO 3 containing EDTA at 95 Њ C (HB), and 1 M NaOH containing NaBH 4 at 95 Њ C. Carbohydrate, protein, and sulfate were detected in all the fractions, but their relative proportions differed significantly. Nineteen sugars were identified, including pentoses, hexoses, 6-deoxyhexoses, O -methylated sugars, aminohexoses, and traces of uronic acids. To some extent, the same constituent monosaccharides and a proportion of the linkage patterns occurred in all four fractions, indicating the fractions contained a spectrum of highly heterogeneous but structurally related polysaccharides. Several carbohydrates were enriched in specific fractions. A soluble, partially substituted, 3-linked galactan was slightly enriched in the SCM. The WW fraction was highly enriched in 3-linked glucan, presumably derived from chrysolaminaran. Chemical and AFM data for the WW and HB fractions indicated that compositional differences were associated with substantial changes in the morphology and properties of the cell surface mucilage. Soluble polymers relatively enriched in fucose conferred a degree of softness and compressibility to the mucilage, whereas most of the mucilage comprised firmer more gelatinous polymers comparatively enriched in rhamnose. The frustule residue dissolved during extraction with NaOH, and a partially substituted 3-linked mannan, together with relatively large amounts of protein, was obtained.
Marine and freshwater biofouling is a major problem for the efficient operation of the shipping industry and industrial aquatic processes. An accumulation of microorganisms and their cell surface and secreted extracellular polymeric substances (EPS) during attachment, colonization, and population growth leads to biofilm formation. Diatoms are among the earliest eukaryotic colonizers of submerged artificial surfaces and one of the most conspicuous organisms in biofilms (Evans 1988) . Many studies of the composition of EPS from different diatom species demonstrate that carbohydrates are typically the dominant component, yet the constituent sugars are highly diverse and often complex (Hoagland et al. 1993) . A few studies (Wustman et al. 1997 (Wustman et al. , 1998 have focused specifically on analyzing the structure and distribution of these carbohydrate moieties in the extracellular matrix. Detailed investigations of the polysaccharides of more diatom species are necessary to build the existing database for comparative analysis to recognize common structural motifs that may characterize diatom adhesion and biofilm formation. In line with this aim, our laboratory is undertaking a program of research directed at characterizing the EPS of a number of diatom species from different habitats.
Isolation of unique polysaccharides, such as those produced by diatoms, requires optimization of the extraction and fractionation protocols according to the polysaccharides' chemistry and localization. For the initial characterization of polysaccharides from previously uninvestigated diatoms, however, it would be beneficial to conform to a basic extraction protocol. Ford and Percival (1965a) developed a procedure for fractionating the polysaccharides of the diatom Phaeodactylum tricornutum Bohlin, which led to the first characterization of chrysolaminaran, the energy storage ␤ -1,3-glucan of diatoms (Ford and Percival 1965a) , and other polysaccharides (Ford and Percival 1965b) . In essence, the procedure used sequential extraction with cold water, hot water, and, finally, strong alkali. Slight variations of the same fractionation procedure have formed the basis of some recent comprehensive studies of diatom polysaccharides (Wustman et al. 1997 , McConville et al. 1999 ). The method is straightforward and reproducible and offers a basic screening protocol for studying total polymeric carbohydrates of diatoms.
The freshwater raphid diatom, Pinnularia viridis (Nitzsch) Ehrenberg, has proved a valuable model species for studying the topography and physical properties of the EPS that cover the siliceous cell wall and form adhesive trails with atomic force microscopy (AFM). Crawford et al. (2001) characterized the cell surface of live P. viridis as being coated in a thick mucilaginous layer composed of a nonadhesive, soft, compressible material. AFM in contact mode was used to show that the mucilage could be swept aside to reveal the hard underlying surface of the frustule wall (Crawford et al. 2001) . AFM in fluid tapping mode enabled the imaging of the hydrated trails left behind by gliding P. viridis cells, demonstrating that imaging with AFM in tapping mode provides the most accurate information on the topology of soft hydrated mucilage because of the minimal physical interference caused by the action of the AFM cantilever tip (Higgins et al. 2000) . Later, Higgins et al. (2003) used AFM in tapping mode to obtain more refined images of the topography of the surface mucilage of P. viridis , which had a distinctive globular appearance. Young's modulus values determined from force volume imaging demonstrated that the elastic properties were relatively homogenous throughout the cell covering (Higgins et al. 2003) .
Using a modification of the fractionation procedure of Ford and Percival (1965a) , we have undertaken a study of the chemistry of P. viridis polysaccharides combined with AFM of the sequentially extracted cells as a necessary step toward building the nexus between EPS chemistry and properties.
materials and methods
Algal cell culture. The P. viridis cells used in this study were the same culture line used by Higgins et al. (2002) and were maintained as described by them. Axenic cultures were obtained through the combined use of 0.1 mg ؒ mL Ϫ 1 streptomycin sulfate and 100 units ؒ mL Ϫ 1 sodium penicillin G followed by subculture to sterile media without antibiotics.
Preparation of the fractions. Cells were harvested at late log phase by continuous flow centrifugation. The cell pellet was stored at Ϫ 20 Њ C until processed further.
Fraction 1: spent culture medium (SCM): Six liters of the medium recovered from continuous flow centrifugation were filtered on Whatman no. 541 overlying Whatman no. 542 filter paper. Sodium azide (Sigma, St. Louis, MO, USA) was added to a concentration of 0.01% w/v and the solution stored at 4 Њ C until processed. The culture medium was first concentrated to approximately 180 mL by rotary evaporation. After centrifugation to pellet insolubles, the supernatant was concentrated further by ultrafiltration on a YM5 membrane (Millipore, Bedford, MA, USA) with a molecular weight cut-off of 5 kDa and then exchanged into water and reconstituted to 10 mL. The remaining fractionation is a modification of the method adopted by Ford and Percival (1965a) .
Fraction 2: warm water (WW): The cell pellet (approximately 5 cm 3 wet cells) recovered by continuous flow centrifugation was extracted with 10 vol of water at 45 Њ C for 1 h with continuous stirring. The extraction mixture was centrifuged, and the supernatant was recovered and dialyzed exhaustively against water in a 10-kDa molecular weight cut-off membrane.
Fraction 3: hot bicarbonate (HB): The recovered cell pellet was then extracted (2 ϫ 10 vol) with 0.5 M NaHCO 3 containing 0.1 M EDTA at 95 Њ C for 1 h with continuous stirring. The two NaHCO 3 /EDTA extracts were combined and dialyzed exhaustively against water as above.
Fraction 4: NaOH: The residual pellet after centrifugation was then treated with 1 M NaOH containing 0.2 M NaBH 4 at 95 Њ C for 1 h, during which the pellet was completely dissolved. The NaOH-soluble extract was dialyzed against dilute NaOH (pH 10) and then exhaustively against water as above. All the fractions were recovered after dialysis, lyophilized, and reconstituted with water.
AFM. The principles of the application of AFM to diatom cell surfaces were discussed by Higgins et al. (2000) and Crawford et al. (2001) . The methods for preparing frozen, WW-extracted, and HB-extracted cells; imaging their surfaces in tapping mode AFM using a standard V-shaped cantilever (spring constant of 0.19 N ؒ m Ϫ 1 ); and obtaining force measurements of cell surfaces and converting them to force (nN) versus separation (nm) curves were the same as those described for AFM of living cells by Higgins et al. (2002) .
Immunofluorescence staining. Cells in culture media were allowed to settle on poly-L-lysine-coated (Sigma) coverslips, fixed, and immunostained as described by Koutoulis et al. (1988) except that the cells were not dried. The primary antibody was a monoclonal mouse IgG raised to laminaran, a ␤ -1,3-glucan with ␤ -1,6-glucosyl side branching, purchased from Biosupplies Australia (Melbourne, Australia) and the secondary antibody was a goat anti-mouse IgG-FITC conjugate (Sigma).
Compositional assays. Carbohydrates were assayed by the method of Dubois et al. (1956) using glucose as a standard. Protein was assayed by bicinchoninic acid (Pierce, Rockford, IL, USA) following the manufacturer's protocol and using BSA as a standard. Sulfate was assayed by the BaCl 2 turbidimetric method of Tabatabai (1974) as modified by Craigie et al. (1984) .
Constituent monosaccharide analysis. Constituent monosaccharides were converted to their corresponding alditol acetates by trifluoroacetic acid-hydrolysis, reduction with NaBD 4 , and acetylation essentially following the protocol described by Harris et al. (1984) . The alditol acetates were separated by GC on both high polarity BPX70 (SGE, Melbourne, Australia) and low polarity CPSil5 (Chrompack, Middelburg, The Netherlands) columns and detected by electron impact mass spectrometry. Alditol acetates were identified by their relative retention times to myo -inositol hexaacetate and by their mass spectra. For quantification, molar response factors were determined empirically from commercially available standards of rhamnose (Rha), fucose (Fuc), xylose (Xyl), arabinose (Ara), ribose (Rib), mannose (Man), galactose (Gal), and glucose (Glc). The response factors of the O -methylated sugars were assumed to be the same as those of their corresponding parent sugars. The response factor of gulose (Gul) was assumed to be the same as that of Glc because the hexitol hexaacetates of these sugars co-elute during GC. Although these two sugars could not be distinguished in constituent monosaccharide analysis, the permethylated alditol acetates of each sugar generated for linkage analysis (see below) separated during GC. The response factors of N -acetyl-glucosamine (GlcNAc) and N -acetylgalactosamine (GalNAc) were assumed to be equal to 1.
Characterization of uronic acids. Uronic acids were analyzed as their deuterium-reduced parent hexoses. Carboxyl-reduction of uronic acids was achieved by activating the uronic acids with carbodiimide (Taylor and Conrad 1964) and reducing with NaBD 4 essentially using the method described by Kim and Carpita (1992) as modified by Sims and Bacic (1995) . The alditol acetates of the deuterium-reduced uronic acids co-eluted with those of their parent hexoses during GC but were identified by mass spectrometry and quantified from the reconstructed ion chromatogram by the corresponding dideuterated primary fragment ions bearing C-6.
Linkage analysis of the constituent monosaccharides. Carbohydrate fractions from P. viridis were converted into their triethylammonium salts and methylated to determine their linkage and substitution patterns according to the procedure described by Stevenson and Furneaux (1991) except that the alkoxide was generated with NaOH in dimethylsulfoxide (Ciucanu and Kerek 1984) . Permethylated alditol acetates were generated, separated, and analyzed by the same methods described above for constituent monosaccharide analysis. The permethylated alditol acetates of 4-and 2,4-linked hexopyranoses with retention times that did not match Glc p , Man p , or Gal p derivatives were assigned to Gul p. The identity of the 4-linked Gul p was confirmed by linkage analysis of carboxyl-reduced alginate (Sigma), a copolymer of 4-linked Man p A and Gul p A. To determine the linkage and substitution patterns of naturally methylated sugars, carbohydrate samples were pertrideuteriomethylated and quantified from the reconstructed ion chromatogram by analysis of their diagnostic primary fragment ions (Chiovitti et al. 1996) .
results

AFM and LM.
The outer mucilaginous covering of living P. viridis cells was thoroughly investigated with AFM by Higgins et al. (2003) . We used AFM in tapping mode to assess the effects of the sequential extraction on the appearance of the mucilaginous layer of P. viridis. To qualitatively assess the physical properties of the mucilaginous covering, force measurements were obtained and converted to force versus separation curve showing the interaction between the AFM cantilever tip and the mucilage during an approach and retraction cycle. AFM revealed that the surface topography of the mucilage of cells that were frozen after harvesting and thawed before extraction resembled ill-defined globular masses (Fig. 1A) . The nonlinearity in the contact region of the force versus separation curve of the mucilage (Fig. 1D ) indicated it was a soft, compressible, and weakly adhesive material. The separation distance that spanned the contact region of the curve indicated that the material could be indented to a distance of at least 100 nm (Fig. 1D) . Thus, the morphology and properties of the surface mucilage measured by AFM were comparable with those of live P. viridis cells (Higgins et al. 2003) .
The appearance and physical properties of the surface mucilage were altered after extraction with warm water. The surface of most P. viridis cells examined resembled a mosaic of relatively small, well-defined, subspherical mounds (Fig. 1B) , although the surface topology of some cells displayed larger less defined mounds (not shown). The force-separation curves of the WW-extracted cells (Fig. 1D ) revealed that the remaining mucilaginous material was substantially more rigid and less elastic than the original mucilage layer and was indented to a depth of only 20-25 nm. These observations indicated a relatively soluble component that conferred a significant degree of softness and compressibility to the cell surface mucilage had been extracted. LM (not shown) revealed that the cell population after WW extraction contained a mixture of intact cells that apparently retained their intracellular organization and some broken cells.
LM observations of the residue after HB extraction indicated that no intact cells remained. It was difficult to obtain AFM images of the HB-extracted frustule fragments because of the irregular angles at which they laid relative to the cantilever tip. However, a relatively large fragment was imaged in tapping mode, showing the frustule surface with the elongate girdle band slits (poroids) visible (Fig. 1C) . The frustule had a mostly stippled appearance with small deposits of amorphous mucilage scattered over the surface. The force versus separation curve obtained on this fragment ( Fig. 1D ) produced an essentially linear gradient on contact, proving that the cantilever tip was interacting with a solid incompressible surface. The separation distance in the contact region for an incompressible surface should be 0. This was not the case for the HB-extracted frustule, probably because the cell fragment was being displaced under the force of the AFM cantilever tip. However, the force-separation curve was comparable with the one previously obtained by Crawford et al. (2001, Fig. 3b ) of the frustule surface of P. viridis. These data showed that most of the firm material with the subspherical topology on the surfaces of WW-extracted cells had been removed in the HB extract, but small amounts of residual mucilaginous material were still present on the frustule fragment. Frustule fragments completely dissolved during extraction with hot NaOH, so that there was no residue left to examine with AFM.
Compositional analysis. The composition of the four fractions extracted from P. viridis is summarized in Table 1 . Significant levels of carbohydrate, protein, and sulfate were detected in all the fractions, but their relative proportions differed significantly. Nineteen sugars were identified in constituent monosaccharide analyses including pentoses (Xyl, Ara, Rib), hexoses (Man, Gal, Glc, Gul), 6-deoxyhexoses (Rha, Fuc), methylated sugars (2-MeRha, 3-MeRha, 2,3-diMeRha, 3-MeXyl, 3-MeGal, 4-MeGal), and aminohexoses (GalNAc, GlcNAc). Although most of the monosaccharides occurred in all four fractions, their proportions varied considerably between each fraction. Only trace amounts of uronic acids (GlcA/GulA and GalA, Table  1 ) were detected.
The major linkage and substitution patterns of the constituent monosaccharides are summarized in Table 2. For most sugars, there was good agreement between the results of constituent monosaccharide analysis (Table 1 ) and the quantities characterized in linkage analysis (Table 2 ). The sugars were primarily linked through O-1 and O-5 and thus interpreted as pyranosyl residues with glycosidic linkage through O-1, but small amounts of Ara linked through O-1 and O-4 were assigned as furanosyl residues. Nearly all the constituent sugars had multiple linkage patterns, reflecting considerable structural heterogeneity. Sixtyfive different linkage patterns were identified. However, 47 of these occurred at very low levels ( Յ 3 mol%) in all four fractions, and only 11 occurred at levels of Ͼ 5 mol%. The branch points were interpreted as sites of glycosyl or nonglycosyl substitutions, such as sulfate ester, on main-chain polysaccharide residues. Therefore, to quantify the total branch points (Table 2 ) from the linkage and substitution patterns, disubstituted residues (e.g. 2,3-and 3,4-linked Rha p , 2,4-and 3,4-linked Fuc p , etc.) were interpreted as having one branch point and trisubstituted residues (e.g. 2,3,4-, 2,3,6-, and 3,4,6-linked Man p ) as having two branch points. Glycosyl substitutions were identified in the linkage analyses as terminal residues, for which the totals are also presented (Table 2) . These residues may occur in the polysaccharides either as single residues or as sugars terminating oligosaccharide branches. Several alditol acetates (2,3,4-Rha p ; 2,3,5-Ara f ; 2,3,4-Xyl p ; 2,3,4,6-Man p ; 2,3,4,6-Gal p ; and 2,3,4,6-Glc p ) were excluded from the calculations for the linkage analyses because their sources were uncertain. They possibly represented highly branched sugar residues, which would have the effect of increasing the total branch points, but they may also have been the products of incomplete methylation. The alditol acetates occurred at levels Ͻ 2 mol% in all of the fractions, except 2,3,4-linked Rha p , which was detected at levels of 3-6.5 mol% in the four fractions (data not shown).
SCM. Carbohydrate was the dominant component in the SCM fraction, but there was also a significant amount of protein (Table 1) . Because of the limited amount of sample available, the sulfate content of the SCM was not assayed. Over two-thirds of the sugars in this fraction were accounted for by Rha (29 mol%), Gal (23.5 mol%), and Xyl (17 mol%). The most abundant sugar, Rha, displayed a highly heterogeneous pattern of linkages. The 3-linked Rha p residues were the most abundant (16 mol%), but terminal, 2-, 2,3-, and 3,4-linked Rha p residues all occurred in similar proportions (3-5 mol% each, Table 2 ). The highest level of Gal in any of the fractions was in the SCM, where it was nearly twice the level of the next most Gal-rich fraction (cf. HB fraction, 13.5 mol%, Table  1 ). The Gal was predominantly 3-and 3,6-linked Gal p (7 mol% and 5.5 mol%, respectively, Table 2 ). Another eight linkage patterns for Gal occurred at very low levels ( Յ 2.5 mol%, Table 2 ). Xyl occurred mainly as terminal, 4-, and 2,4-linked Xyl p (4-8.5 mol% each, Table 2 ).
Small but significant amounts of Glc/Gul, Man, and Fuc (6-7.5 mol% each) were detected in the SCM (Table 1) , and their predominant linkage patterns (Table 2) were 4-linked Glcp (5.5 mol%), 4-linked Gulp (3.5 mol%), 4-linked Manp (2.5 mol%), and terminal Fucp (4.5 mol%). The two N-acetylhexosamines were primarily terminal pyranosyl residues. Although Ara was only a minor component (3.5 mol%), it occurred in its greatest abundance in the SCM (Table  1) , mainly as terminal Araf (Table 2) . Methylated monosaccharides made up 6 mol% of the sugars (Table 1). The linkage patterns of the methylated sugars were not investigated for the SCM, but based on observations of the other fractions, some of the terminal Xylp may have represented terminal 3-MeXylp.
WW fraction. Carbohydrate was the predominant component in the WW fraction (Table 1 ). The dominant sugar was Glc (52 mol%, as Glc/Gul, Table 1 ), representing a significant enrichment relative to that in the SCM (7.5 mol%, Table 1 ). The dominant linkage in the WW fraction was 3-linked Glcp (48 mol%, Table 2 ), most likely derived from the ␤-1,3-glucan, chrysolaminaran (Ford and Percival 1965a) . There was also a slight enrichment of terminal and 3,6-linked Glcp in the WW fraction (3 mol% and 1.5 mol%, respectively, Table 2 ), indicative of a low degree of branching. The associated changes in the mucilage covering observed by AFM (compare Fig. 1A and 1B) circumstantially suggested that a proportion of these sugars may have contributed to the outer mucilage of P. viridis. We examined P. viridis by immunofluorescence staining using a primary antibody raised to laminaran but did not detect staining on the cell surface (data not shown). Fuc (10.5 mol%, Table 1 ) was enriched in the WW fraction relative to the SCM and occurred mainly as terminal, 3-, 2,4-, and 3,4-linked Fucp residues (2.5-5 mol% each, Table 2 ). The WW fraction was also relatively enriched in Rib (5.5 mol%, Table 1 ), but the Rib was lost during linkage analysis. The levels of Rha (6.5 mol%), Gal (6.5 mol%), and Xyl (8 mol%) were relatively decreased in the WW fraction (Table 1) . Rha occurred predominantly as 2,3-linked Rhap (3 mol%, Table 2 ). The other linkage patterns observed for Rha were, however, substantially decreased relative to those in the SCM and the other fractions ( Table 2 ). The linkage patterns of Gal were heterogeneous and occurred mostly at low levels (Յ1 mol%), but 4,6-Galp was the most abundant (2.5 mol%). Methylated sugars constituted 6.5 mol% of the monosaccharides in the WW fraction (Table 1) , with 3-MeGal and 3-MeXyl predominating, and occurred mainly as terminal residues (terminal 3-MeXylp, terminal 3-MeGalp, terminal 2-MeRhap, total 5 mol%, Table 2 ). Both N-acetylhexosamines occurred as terminal pyranosyl residues, but GalNAc was also detected as 4-linked GalpNAc.
HB fraction. Protein was the dominant component of the HB fraction, but the proportion of carbohydrate was relatively high (Table 1 ). The relative amount of sulfate to carbohydrate was higher in the HB than in the WW fraction (Table 1 ). The constituent monosaccharide profile of the HB was the most heterogeneous of the fractions (Table 1) , and the linkage and substitution patterns of the sugars shared features in common with both the SCM and WW. The HB comprised significant proportions of Rha (21.5 mol%), Xyl (17 mol%), Gal (13.5 mol%), Fuc (12.5 mol%), Glc/Gul (11.5 mol%), Man (8.5 mol%), and methylated sugars (total of 9 mol%). A small but significant proportion of Rib (4.5 mol%) was also recovered. Despite the inclusion of EDTA in the extraction medium, the HB fraction showed no enrichment of uronic acids (GlcA and GalA, Table 1 ).
Compared with the WW fraction, the content of 3-linked Glcp in the HB fraction was substantially decreased (8 mol%, Table 2 ) but indicated the chrysolaminaran was incompletely extracted with warm water. Another feature that distinguished the two fractions was the enrichment of Rha in the HB. Rha occurred predominantly as 3-linked Rhap (10 mol%, Table 2 ) but also as terminal, 2-, 2,3-, and 3,4-linked Rhap (2-4 mol% each). By contrast, the linkage and substitution patterns of Fuc, Gal, Glc, and the N-acetylhexosamines in the HB fraction were similar to those in the WW fraction. The methylated sugars occurred predominantly as terminal pyranosyl residues, and terminal 2-MeRhap, 3-MeRhap, 2,3-diMeRhap, 3-MeXylp, 3-MeGalp, and 4-MeGalp were all detected (Յ2 mol% each). However, there were also very small amounts of methylated sugars with other linkage patterns, the major one being 2-linked 3-MeRhap (1 mol%).
The ratio of branch points to terminal residues was higher in the HB fraction than in the WW fraction, suggesting a higher level of nonglycosyl substitution in the HB fraction. The HB fraction also had a higher proportion of sulfate to carbohydrate (Table 1) , indi- In addition to the linkage patterns presented in the Table, traces (Ͻ0.8 mol%) of the following were also detected in one or more of the fractions: 2,4-linked Rhap; 3-and 3,4-linked 2-MeRhap; terminal 3-MeRhap; terminal 2,3-diMeRhap; 4-and 2,3-linked Fucp; 3-, 2,3-, and 3,4-linked Xylp; 2,3-and 3,4-linked Glcp; 2,4-linked Gulp; 2,4,6-linked Manp; 2,4,6-and 3,4,6-linked Galp; 6-linked 3-MeGalp; terminal and 6-linked 4-Galp; 4-linked GlcpNAc; 3,6-and 3,4,6-linked GalpNAc. p, pyranase; f, furanase; nd, not determined; tr, trace; -, not detected. cating that the nonglycosyl substitutions were predominantly sulfate ester. NaOH fraction. Protein was the dominant component of the NaOH fraction, but there were also moderately high proportions of carbohydrate and sulfate (Table 1 ). The constituent monosaccharides of the NaOH fraction were distinctive and relatively enriched in Man (34.5 mol%, Table 1 ). Significant levels of Rha and Xyl were also present (22 and 20 mol%, respectively), and much of the remainder consisted of Gal and Glc/Gul (9.5 and 8.5 mol%, respectively). Unlike the other three P. viridis carbohydrate fractions, the NaOH fraction was relatively depleted of methylated sugars (approximately 1 mol% total, Table 1).
In the linkage analysis (Table 2) , the Man residues detected in the NaOH fraction occurred predominantly as 3-linked Manp (10 mol%), 2,3-linked Manp (13 mol%), and 2,3,4-linked Manp (5.5 mol%). The remaining Man was accounted for by seven different linkage and substitution patterns, all of which occurred at levels Յ2.5 mol% and were detected in the preceding fractions. The linkage patterns of the Rha were similar to those observed for Rha in the SCM and the HB fraction. The Xyl residues displayed similar linkage patterns to Xyl in the other three P. viridis carbohydrate fractions (Table 2 ). The heterogeneous linkage patterns observed for Gal in the WW and the HB fractions persisted through to the NaOH fraction. The Glc occurred predominantly as 3-linked Glcp (5 mol%), indicating that some residual chrysolaminaran was still extracted. There were traces of terminal GlcpNAc, but GalNAc was not detected at all in the NaOH extract.
The relative proportion of branch points to terminal residues was considerably higher for the NaOH fraction than for the HB fraction (Table 2 ), yet the proportion of sulfate to carbohydrate between the two was similar (Table 1 ). These data suggest that although sulfate ester formed a significant proportion of the nonglycosyl substitutions in the NaOH fraction, it was possible there were also relatively high proportions of other nonglycosyl substituents. discussion Fractionation by sequential extraction sought to separate P. viridis polysaccharides based on their solubility. To some extent, the same constituent monosaccharides and a proportion of the linkage patterns occurred in all four P. viridis fractions, indicating a degree of structural continuity in some carbohydrates. Ubiquitous linkages included 2-, 4-, 2,4-linked, and terminal Xylp residues; 2,3-linked Rhap; terminal and 2-linked Fucp; and a heterogeneous collection of minor Galp and Manp residues. However, several carbohydrates were enriched in specific fractions, and AFM revealed that their extraction coincided with successive alterations to the mucilage layer of P. viridis.
The most soluble extracellular polysaccharides were expected to be found in the SCM. The quantity of polysaccharide recovered from the culture medium of log phase P. viridis was relatively low (approximately 0.6 mgؒL Ϫ1 ). The amounts of polysaccharide recovered from diatom culture media can vary substantially depending on culture conditions (Allan et al. 1972, Haug and Myklestad 1976) but are significantly higher from stationary phase cultures than from log phase cultures and can often exceed 20 mgؒL Ϫ1 (Smestad et al. 1974 , Smith and Underwood 2000 . The sugar composition of the polysaccharides solubilized in diatom culture media is highly variable for different species, making generalizations difficult. However, the constituent sugars of the P. viridis SCM were not inconsistent with those reported for other diatoms. Rhamnose (29 mol%), Gal (23.5 mol%), and Xyl (17 mol%) were the major sugars in the P. viridis SCM. The 6-deoxysugars, Rha and/or Fuc, were major constituents (20-60% w/w) of polysaccharides recovered from the culture media of numerous pennate and centric diatoms, including Thalassiosira pseudonana (Hustedt) Hasle et Heimdal (as Cyclotella nana Hustedt), Navicula incerta Grunow, Asterionella socialis Lewin et Norris, Coscinodiscus wailesii Gran et Angst (as C. nobilis Grunow), and four Chaetoceros species (Allan et al. 1972 , Smestad et al. 1974 , 1975 , Haug and Myklestad 1976 , Percival et al. 1980 ). Galactose and/or Xyl were also recovered in significant amounts from the culture media of several diatoms (Smestad et al. 1974 , 1975 , Staats et al. 1999 . Xylose was the major sugar (46.1 mol%) of the polysaccharides solubilized in the culture medium of the pennate diatom, Cylindrotheca closterium (Ehrenberg) Reimann et Lewin (Staats et al. 1999) . Linkages of secreted diatom polysaccharides are less well known. In the SCM of P. viridis, 3-linked Rhap was the most abundant residue, and this linkage pattern also occurred at elevated levels in the HB and NaOH fractions (see below). By contrast, the observation that the terminal, 3-, and 3,6-linked Galp linkages were relatively enriched in the SCM only suggested that these Gal residues formed a separate polymer, possibly a partially 6-substituted 3-linked galactan. The media-soluble sulfated polysaccharides of two species of the centric genus Chaetoceros were studied in detail because their yields were exceptionally high at stationary growth phase (16-40 mgؒL Ϫ1 ) (Smestad et al. 1974) . Fucose, Rha, and Gal were essentially the only sugars in this fraction from Chaetoceros affinis var. willei and C. curvisetus Cleve and occurred in approximate molar ratios of 7:8:5 and 10:1:3, respectively (Smestad et al. 1974 (Smestad et al. , 1975 . Some 3-linked Rhap was reported for the polysaccharide from C. affinis but was detected only at low levels, and Rha occurred predominantly as terminal and 2-linked Rhap (Smestad et al. 1974) . Notably, Gal occurred predominantly as 3-linked Galp in both Chaetoceros species, with terminal and 4-linked Galp also significant components of the polysaccharide from C. affinis (Smestad et al. 1974 ).
The P. viridis cells were first treated with warm water to extract relatively soluble polysaccharides. Results of AFM indicated that WW extraction had removed a component that conferred some degree of softness and compressibility to the cell surface mucilage and left behind material that was substantially more rigid and less elastic than the original mucilage layer. Glc was the dominant sugar in the WW fraction and occurred mainly as 3-linked Glcp. These data suggested the WW fraction contained a substantial proportion of chrysolaminaran (Ford and Percival 1965a) . The changes in the mucilage covering associated with extraction of the WW fraction circumstantially suggested that a proportion of the chrysolaminaran may have contributed to the outer mucilage of P. viridis. DIBAC, a fluorescent marker of membrane integrity, was recently used by to show that most Cylindrotheca closterium cells were intact after extraction with warm water (30Њ C). Glucose was subsequently demonstrated by methanolysis to be the dominant component of this extract and was interpreted to be derived from bound extracellular glucan . We examined P. viridis by immunofluorescence staining using a primary antibody raised to laminaran (Meikle et al. 1991) but were unable to detect staining on the cell surface or verify that chrysolaminaran was a component of the cell covering. It cannot be discounted that if some chrysolaminaran was localized to the surface, the epitope for the antibody may have been masked. It is also possible that the source of some of the 3-linked Glcp was an extracellular ␣-3-linked glucan that may not be recognized by the antibody. However, because this study examined essentially the total polysaccharide complement of P. viridis, it was not unexpected that chrysolaminaran would be identified in one or more of the fractions, and the observations for the enrichment of Glc and Rib (see below) in the WW fraction indicated that this fraction contained a substantial proportion of intracellular material.
The high Glc content in the P. viridis WW fraction conformed to numerous reports that Glc is the dominant sugar in the water extracts of cultured diatom cells (Ford and Percival 1965a , Handa 1969 , Allan et al. 1972 , Smestad Paulsen and Myklestad 1978 , McConville et al. 1986 , Bhosle et al. 1995 [using 1 M NaCl], Wustman et al. 1997 , Staats et al. 1999 . In those reports where the linkages of Glc were investigated, Glc was shown to occur primarily as 3-linked Glcp as in chrysolaminaran (Ford and Percival 1965a , Smestad Paulsen and Myklestad 1978 , McConville et al. 1986 , Wustman et al. 1997 . The estimated molecular weight of chrysolaminaran from diatoms varies but is typically in the range between 4 and 13 kDa (Ford and Percival 1965a , Smestad Paulsen and Myklestad 1978 , McConville et al. 1986 ). The retention of the 3-linked glucans during dialysis of the P. viridis WW fraction (see Materials and Methods) suggested they had a higher apparent molecular weight than the nominal molecular weight cut-off for the dialysis membrane (10 kDa). However, it is feasible that the population of 3-linked glucans had a polydisperse molecular weight distribution and that low-molecular-weight chrysolaminaran was lost during dialysis. The WW fraction was also relatively enriched in Rib (5.5 mol%). Ribose is a frequently reported sugar in diatom extracts (Handa 1969 , Allan et al. 1972 , Hecky et al. 1973 , Haug and Myklestad 1976 , Bhosle et al. 1995 . It ranges in content from trace amounts up to as much as 31% w/w of the monosaccharides characterized in the weak alkali extract from Chaetoceros debilis Cleve (Haug and Myklestad 1976) , but the linkage patterns of Rib have never been determined. Unfortunately, Rib was lost during linkage analysis of the P. viridis fractions, possibly because it occurred as highly labile Ribf residues. Haug and Myklestad (1976) noted that in the sugar composition of the dilute alkali extracts from whole cells of seven diatom species, Rib levels were typically higher in logarithmic rather than stationary phase cells, indicating it was derived mainly from RNA.
Although Glc accounted for approximately half the sugars in the WW fraction, Fuc was the next most abundant sugar in the WW fraction (10.5 mol%) and occurred mainly as terminal, 3-, 2,4-, and 3,4-linked Fucp residues (2.5-5 mol% each). The enrichment of Fuc in the WW relative to the SCM, coupled with the changes to the cell covering observed with AFM, indicated these Fuc residues were constituents of the extracted mucilaginous component. Significant levels of Xyl, Rha, and Gal (6.5-8 mol% each) were also present in the WW fraction, and the slight increase in 2,3-linked Rhap and 4,6-linked Galp relative to the other Rhap and Galp linkages, respectively, suggested these residues were derived from distinct polymers that were enriched in the WW fraction. Characterization of sulfated fucoglucuronogalactans in the adhesive stalks of Achnanthes longipes C. Agardh by lectin labeling and chemical analysis (Wustman et al. 1997 (Wustman et al. , 1998 led Wustman et al. (1997) to propose that these polymers may assist cell-substratum adhesion by hydrophobic interactions mediated through the C-6 methyl groups of the Fuc residues and ionic interactions mediated through uronic acids and sulfate groups. However, it is unlikely that the Fuc-enriched polymers in the mucilaginous coating of P. viridis assist adhesion because detailed AFM analysis indicated that this coating was essentially nonadhesive (Higgins et al. 2003) . AFM indicated that the Fuc-enriched polysaccharides conferred some degree of softness and compressibility to the cell surface mucilage, and their extraction with warm water substantially increased the rigidity and decreased the elasticity of the remaining mucilage layer. The properties of the Fuc-rich polymers are, however, probably influenced by interactions with other polymers in the mucilaginous coating. In a previous AFM study of live P. viridis cells (Crawford et al. 2001) , the mucilage behaved as a cohesive entity and could be completely scraped away to reveal the underlying silica frustule, suggesting that the WW-extractable polymers and the more rigid mucilaginous component remaining after WW extraction (Fig.  1B ) normally combine and interact to form a physically homogeneous layer in the living cell.
Extraction with sodium bicarbonate containing EDTA at high temperature was required to solubilize relatively gelatinous extracellular polysaccharides. AFM indicated that extraction of the HB fraction removed most of the remaining mucilage layer from the frustule surface of P. viridis. In a few diatoms, such as Navicula pelliculosa (Brébisson ex Kützing) Hilse in Rabenhorst and Cylindrotheca fusiformis Reimann et Lewin, the mucilaginous coating apparently covers a thin (approximately 10 nm) organic "skin" that is closely appressed to the silicified wall (Hoagland et al. 1993 ). An underlying organic skin was not observed for P. viridis, although Higgins et al. (2003) noted that an organic layer tightly bound to the frustule surface may be difficult to detect with AFM. The carbohydrate yield of the HB was the highest of the fractions. The constituent monosaccharide profile of the HB was also the most heterogeneous of the fractions, and the linkage and substitution patterns of the sugars shared features in common with both the SCM and the WW. Apart from the decreased content of 3-linked glucan, the most striking feature that distinguished the HB from the WW was the enrichment of Rha in the HB fraction, indicating that this sugar was a significant component of the HB-extracted mucilage. The heterogeneous linkage and substitution patterns of Rha, which occurred predominantly as 3-linked Rhap in the HB fraction, were akin to those observed in the SCM and the NaOH fractions. These data suggested the Rha residues were derived from high-molecularweight extracellular macromolecules that had partially solubilized in the medium but were only completely extracted under more rigorous conditions. Gal, Xyl, and Man were enriched in the HB relative to the WW fraction, whereas Fuc occurred at similar levels. Although there were differences in the proportions of these sugars in the WW and HB fractions, the heterogeneous linkage and substitution patterns of these sugars were broadly similar in both fractions. The chemical and AFM data therefore indicated that the mucilaginous covering of P. viridis was composed of a spectrum of highly heterogeneous but structurally related sulfated polysaccharides encompassing relatively soluble polymers enriched in Fuc and firmer more gelatinous polymers enriched in Rha.
The final extraction with hot alkali sought to release relatively insoluble polysaccharides. Treatment with NaOH under these conditions also led to dissolution of the diatom frustule. These data provided evidence for a 3-linked mannan partially substituted at O-2 and O-4 unique to the NaOH fraction. There are a number of reports of Man being an abundant sugar closely associated with the diatom frustule. Enrichment of Man was detected in the hot alkaline extract obtained by sequential extraction of Phaeodactylum tricornutum; in the total carbohydrates analyzed from the isolated cell walls of Navicula pelliculosa, Melosira nummuloides (Dillwyn) C. Agardh, Cyclotella stelligera (Cleve et Grunow in Cleve) Van Heurck, and C. cryptica Reimann, Lewin et Guillard; and in the insoluble residues after sequential extraction of Achnanthes longipes and Stauroneis amphioxys Gregory (Ford and Percival 1965b , Hecky et al. 1973 , Wustman et al. 1997 , McConville et al. 1999 . In several of these diatoms, an associated enrichment of GlcA was also observed (Ford and Percival 1965b , Wustman et al. 1997 , McConville et al. 1999 ). In the case of P. tricornutum, the structure of the Man-rich polysaccharide was elucidated (Ford and Percival 1965b ) and found to be a sulfated glucuronomannan. A 3-linked mannan was proposed to form the backbone of the polysaccharide. Oligosaccharides with terminal GlcpA attached to mono-and disaccharides of Manp residues were also recovered, but their linkage to the backbone was not ascertained. It is an interesting observation that although uronic acids are essentially absent from the P. viridis carbohydrates, 3-linked mannan is present in the NaOH fraction. The substituents giving rise to the 2,3-and 2,3,4-linked Manp residues remain to be determined.
Hot alkaline extraction of the mannan may have been achieved by one or more factors. Some polysaccharides, such as xyloglucans from land plant cell walls, form relatively insoluble crystalline aggregates stabilized by interchain hydrogen bonding with cellulose (Bacic et al. 1988) . Alkaline treatment of such aggregates can disrupt the hydrogen bonding and result in solubilization of the polysaccharide (Brett and Waldron 1990) . It was also possible that the P. viridis mannan was covalently cross-linked through ester linkages to other components in the extracellular matrix. Such covalent linkages are common between polysaccharides and between polysaccharides and proteins in the cell walls of land plants (Bacic et al. 1988) . It is notable that high levels of protein were liberated in the NaOH fraction from P. viridis. It is likely that a substantial proportion of this protein was originally cytoplasmic. However, if some of this protein was extracellular and covalently attached to the mannan, cleavage of alkali-labile ester linkages, as well as partial degradation and release of the proteins, may have allowed the mannans to be solubilized. Hot alkaline treatment also caused dissolution of the silicified frustule, suggesting it is possible the mannan was closely associated with the amorphous silica wall.
Although several carbohydrates were enriched in P. viridis fractions, varying proportions of the same constituent monosaccharides and linkage patterns occurred in all four of the P. viridis fractions. This observation indicated that the extracellular carbohydrates in the four fractions mostly formed a spectrum of related structures. The properties of structurally similar polysaccharides may vary for reasons not apparent from their composition. For example, such polysaccharides may have a polydisperse molecular weight distribution, as shown for the heterogeneous polysaccharides from Stauroneis amphioxys (McConville et al. 1999 ). Molecular weight variation affects the extent of intra-and interchain interactions of polymers, with the consequence that solubility decreases with increasing molecular weight. Polysaccharide properties such as relative viscosity or gel strength are similarly dependent on molecular weight (Mitchell 1979) .
Although linkage analysis provides valuable data on the structure of polysaccharides, it does not provide information on the distribution of those linkages within the polymers. Variations in the distribution of specific residues can affect the conformational shape and intermolecular associations of polysaccharides. This is illustrated by the gelling polysaccharides of macroalgae (Kloareg and Quatrano 1988 , Lahaye and Rochas 1991 , Smidsrød and Christensen 1991 , Draget et al. 1994 . For example, brown algal alginates with similar GulA/ManA ratios may vary in solubility according to the extent the constituent GulA and ManA residues form homopolymeric blocks or are interspersed throughout the polysaccharide. Guluronic acid blocks adopt a buckled conformation, enabling them to participate in intermolecular bridges (junction zones) via divalent cations that contribute to gel formation. Mannuronic acid residues disrupt the buckled conformation and consequently the formation of junction zones, but they are integral to the gel matrix because they disperse GulA blocks so that each alginate chain forms junction zones with many other alginate chains in a three-dimensional network. Variations in the distribution of branch points can also affect the extent to which polysaccharides are stabilized by intermolecular associations. For example, wheat-flour arabinoxylans are capable of limited aggregation by hydrogen bonding between the unsubstituted regions of the xylan backbone, but the association is disrupted by arabinofuranosyl branches (Andrewartha et al. 1979) . The solubility of pectins from land plant cell walls is also modulated by the extent to which the homogalacturonan chains (smooth regions), capable of forming intermolecular junction zones via divalent cation bridges, are interrupted by branched (hairy) regions (Schols and Voragen 2002) . In the polysaccharides forming the mucilaginous covering of P. viridis, the effects of mutually repulsive sulfate ester groups may also be important. In the linkage analyses of the four fractions, the proportion of branch points was approximately equal to or higher than that of terminal residues, indicative of carbohydrates bearing sulfate ester substitution. Identification of the branch points that bear glycosyl versus sulfate ester substitution and characterization of the linkage sequences of residues in oligosaccharides isolated from purified polymers would assist in assessing these issues.
Protein is a typical component of diatom EPS, but its content varies considerably between the EPS of different species (Hoagland et al. 1993) . Although a large proportion of the proteins detected in this study were probably cytoplasmic, it is feasible that some of the protein was extracellular. Several diatom wall-associated protein and glycoprotein families have been characterized. Of these, the frustulins most likely contribute to the cell covering. The frustulins are a family of glycoproteins that have domains enriched with acidic and Cys residues and are stabilized by Ca 2ϩ bridges on the cell wall surface (Kröger and Sumper 1998) . The frustulins were first described from Cylindrotheca fusiformis (Kröger et al. 1994 ), but the antifrustulin serum also reacted with proteins in the EDTA extracts of other pennate diatoms, such as Navicula pelliculosa, Phaedactylum tricornutum, and two Nitzschia species (Kröger et al. 1996) . Putative proteoglycans were immunolocalized to the cell surface and trails of Craspedostauros australis Cox (Lind et al. 1997) , and we are currently investigating the carbohydrate and protein portions of these molecules. Other protein families include the HF-extractable pleuralins and silaffins (Kröger et al. 1997 (Kröger et al. , 1999 , but these are apparently more closely associated with the silicified cell wall. Immunolocalization experiments with Cylindrotheca fusiformis indicated the pleuralins play a role in differentiation of the parental hypotheca to the epitheca of one of the daughter cells during cell division (Kröger and Wetherbee 2000) . The highly modified relatively low-molecular-weight silaffins bear covalently attached polyamine chains and appear to play a role in biosilicification (Kröger et al. 1999) . The data for P. viridis demonstrated that protein was a substantial component of each fraction, but characterization of the protein and its relationship to the polysaccharides requires further investigation.
In conclusion, this study demonstrated the value of combining sequential extraction and chemical analysis with AFM of the diatom cell surface. Enrichment of certain carbohydrates in different fractions was related to observations of changes to the surface covering, providing information on the structure and the in situ architecture and properties of the extracted macromolecules. This survey of the P. viridis polysaccharides shows that they are complex structurally related molecules and offers a practical departure point for the strategic localization, isolation, and structural determination of specific polymers.
